Introduction
Glaciers are essential components in the water cycle, as they can store water over a wide range of timescales (Jansson et al., 2003; Viviroli et al., 2007) . The total glacier volume ultimately limits the water amount that can be released by a glacier, and its spatial distribution can have an effect on the timing of said water's release (e.g. Gabbi et al., 2012) . Knowledge of glacier ice thickness is therefore important not only for a number of glaciological questions but also for questions related to water security (e.g. Haeberli and Hölzle, 1995; Immerzeel et al., 2010) . In alpine countries such as Switzerland, moreover, hydropower reservoirs are often fed by glacier melt water, thus making estimates of the total glacier volume also relevant from an economic perspective. The increasing demand for renewable energy sources (Kirchner et al., 2012) , as well as the long-established role of hydropower as a renewable source (Zimmermann, 2001) , additionally fuels the request for precise estimates.
Despite this importance, direct measurements of glacier ice thickness remain sparse around the world (Gaertner-Roer et al., 2014) . This is because obtaining such measurements can be laborious and costly, especially for alpine glaciers with rugged topography. Several methods that estimate ice thickness from characteristics of the surface have therefore been presented (e.g. Farinotti et al., 2009; Morlighem et al., 2011; Linsbauer et al., 2012; Brinkerhoff et al., 2016; Fürst et al., 2017) (Gaertner-Roer et al., 2014; Farinotti et al., 2017) , but direct measurements remain pivotal for both the assessment of their performance and their calibration (Farinotti et al., 2017) . It is still under debate, moreover, whether such approaches do indeed outperform a simple interpolation schemes when direct measurements are available.
Ice thickness measurements on glaciers are most often performed with ground-penetrating radar (GPR) (see e.g. Plewes and Hubbard, 2001 , for a review). Depending on the subsurface materials (air, water, ice, snow, sediment) and their specific electromagnetic properties, GPR survey allows detection of interfaces between materials (Daniels, 2007) . Since penetration depth of electromagnetic waves generally decreases with higher frequencies, and due to the properties of ice, frequencies between 1 and 1000 MHz are typically used (Yelf, 2007) . The choice of the frequency directly relates to the spatial resolution with which individual reflectors can be detected (Van Dam, 2012) . On temperate glaciers, signal attenuation can be important and can significantly affect the reliability of measurements (Lapazaran et al., 2016a, b; Martín-Español et al., 2016) .
In this contribution, we present two new estimates for the ice thickness distribution and bedrock topography of Griesand Findelengletscher -two valley glaciers located in catchments exploited for hydropower production in Switzerland (Fig. 1c ). The estimates are based on already-existing data acquired between 2009 and 2012, new direct measurements collected during 2015, and the "ice thickness estimation method (ITEM)" (Farinotti et al., 2009) . The accuracy of the final product is assessed in a series of sensitivity analysis that combine the uncertainties deriving from both the GPR measurements and the interpolation scheme. The performance of ITEM is additionally compared against a direct interpolation of the measurements.
Study site and data
Gries-and Findelengletscher (Fig. 1 ) are two gently sloping valley glaciers with surface areas of ca. 5 and 13 km 2 , respectively (values refer to 2016). In this work, when we refer to Findelengletscher, we mean the whole glacierized area contained in the corresponding hydrological basin, which notably includes the smaller Triftji-and Adlergletscher (Fig. 1b ). The total glacierized area in that basin is ca. 17 km 2 . The altitude ranges for Griesgletscher and Findelengletscher are 2400-3300 and 2500-3900 m a.s.l., respectively. Both glaciers are part of a mass balance monitoring programme Sold et al., 2016) .
Past ice thickness measurements on Griesgletscher were performed by the Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Zurich, in 1999. The measurements were performed with the ground-based GPR system described by Bauder et al. (2003) . In 2008, measurements on Findelengletscher were recorded by VAW with a helicopterborne GPR system (BGR system; Rutishauser et al., 2016) as well as in 2012 by the Department of Geography, University of Zurich . Additional ground-based GPR measurements were conducted in 2012 by the Department of Geosciences, University of Fribourg .
The new surveys were conducted on 22 April 2015 on Griesgletscher, and on 26 and 28 February 2015, as well as on 19 March 2015 on Findelengletscher. A MALÅ rough terrain antenna system (http://www.malags.com) with a central frequency of 25 MHz was used. The system was mantowed on skis from the upper area of the glacier to the glacier tongue. The antennas of the system were aligned one after the other along the direction of travel. In addition to the radar data, the geographical position of the traces was recorded with a GARMIN GPSMAP 78s Global Positioning System (GPS) receiver with an estimated position accuracy of ±5 m. The accuracy was estimated by cross-validating the positions provided by the device with the positions of a high-precision GPS receiver (position accuracy better than ±0.05 m) carried in the frame of a separate field campaign. In total, 16 and 25 km of GPR data were collected for Griesgletscher and Findelengletscher, respectively (Table 1) . Of these transects, actual bedrock reflections could be detected for 11 km (Griesgletscher) and 13 km (Findelengletscher). The transects are shown in Fig. 1a and b.
For calculating a glacier-wide bedrock topography with the ITEM approach (see next section), further data were required. These included (a) a digital elevation model (DEM) of the glacier surface and (b) a recent glacier outline. For Griesgletscher, a DEM referring to the year 2016 was acquired by the Swiss Federal Office of Topography (swisstopo) in the frame of the GLAMOS (Glacier Monitoring in Switzerland) initiative. For Findelengletscher, the DEM available from GLAMOS for 2016 only covered the elevation below ca. 3300 m a.s.l. For the upper parts of the glacier, the DEM was therefore completed by using two partial DEMs referring to the year 2012 and 2013. These were made available within the frame of the Swiss National Forest Inventory (Ginzler and Hobi, 2015) . The completion procedure is expected to introduce only marginal errors, as the surface elevation change for the affected areas is known to be below 0.2 m a −1 . The DEMs of both glaciers were resampled to a resolution of 25 m, and glacier outlines referring to 2016 were available.
Methods

GPR data processing
The GPR data were processed with ReflexW software (http://www.sandmeier-geo.de). The best results in terms of bedrock-reflection visibility were obtained applying the following processing sequence: 1. Moving the start time: the time-zero correction was moved to the first detectable break in the radargrams to match start time with surface position.
2. Interpolation to equidistant traces: the original data showed heterogeneous spacing between traces caused by varying survey speed. This processing step ensured a constant spacing, chosen to be 0.1 m.
3. Frequency bandpass filter: to dewow the data, a trapezoidal frequency bandpass filter was applied. The frequency range from the lower and upper cut-off was chosen to be 6 and 32 MHz, respectively. 4. Background removal: to remove persistent noise within individual radargrams, a background-removal filter was applied. The filter basically subtracts the average signal of all traces.
5. Divergence compensation: a time-proportional divergence compensation gain was applied in order to compensate for the geometrical divergence losses in signal amplitude with depth. The according scaling value was set to 0.01.
6. Frequency-wave-number (fk) migration: in many profiles, bedrock reflections towards the margins of the glacier were obscured by straight-line events crossing the records with a uniform apparent dip. Partial removal of these events, originating from air wave reflections at the side walls of the glacier, was achieved by applying a fk filter (e.g Sect. 6.2 by Yilmaz, 2001) .
After application of the processing steps above, bedrock reflections were manually picked on the radargrams. When more than one reflector layer was present in the same radargram, all layers were picked in the first instance. Data segments without any visible reflector were discarded. The signal travel time was converted into ice thickness, under the assumption of a uniform wave velocity of 0.167 m ns −1 (Robin et al., 1969) . Velocity changes in the firn layer were neglected in the light of its small thickness in the surveyed areas. Note that Griesgletscher has presently a very reduced firn cover (Glaciological Reports, 1881 , 1881 , whilst the profiles on Findelengletscher are mostly located in the ablation zone (Fig. 1b ). Figure 2a and b show two ground-based GPR profiles as an example for radargrams with good and poor quality, respectively. In the case of ambiguity, the correct reflection layer for each profile was identified by comparing profiles at their crossover points. The most plausible set of reflector layers for each glacier was identified by maximizing the consistency at such points. Already-existing ground-based and helicopterborne GPR data were included in the consistency analysis.
Data selection
The final dataset was optically tested for consistency through 3-D visualization. The resulting final selection of profiles is shown in Fig. 1 and summarized 
Glacier-wide estimates
To obtain a glacier-wide bedrock topography, the GPR dataset was interpolated by using the ITEM approach (Farinotti et al., 2009) . ITEM calculates the ice thickness distribution by using principles of ice flow dynamics along selected flow lines. The mass turnover along these flow lines is calculated by integrating the glacier surface mass balance distribution. The so-derived ice volume flux is then converted into ice thickness by using Glen's flow law (Glen, 1955) . Uncertainties deriving from basal sliding and the chosen flow parameters are accounted for in a correction factor C (see Eq. 7 by Farinotti et al., 2009 ) that is adjusted to individually match the available GPR transects. To ensure a smooth transition of C between the transects, and to interpolate the ice thickness between individual flow lines, an interpolation scheme based on the minimum-curvature method (Briggs, 1974) was used. Finally, a glacier-wide bedrock topography was calculated by subtracting the generated ice thickness distribution from the given glacier surface (DEM). Figure 3a and b show the ice thickness distribution derived for Gries-and Findelengletscher, as well as the resulting bedrock topography. Spatially distributed estimates for the accuracy of the results are shown in Fig. 4 . The total ice volume (glacier area) for Gries-and Findelengletscher is 0.28 ± 0.06 km 3 (4.9 km 2 ) and 1.00 ± 0.34 km 3 (17.4 km 2 ), respectively. Note, again, that when referring to Findelengletscher, we are referring to the whole glacierized area in its hydrological basin, thus including Adlergletscher and Triftjigletscher. The above values correspond to an average ice thickness of 56.8 ± 12.7 m for Griesgletscher and 56.3 ± 19.6 m for Findelengletscher. The thickest ice for Griesgletscher is found in the upper, relatively flat part around 3000 m a.s.l. with an ice thickness of ca. 220 m. For Findelengletscher, the maximal ice thickness is ca. 185 m, also located in the upper, relatively flat part at about 3300 m a.s.l.
Results
The results for Findelengletscher ( Fig. 3b) show some marked overdeepenings on the orographic left-and righthand side of the glacier. The bedrock topography of Griesgletscher shows a typical valley shape with a bedrock riegel between 2700 and 2900 m a.s.l., and an overdeepening behind this.
When the computed bedrock topographies are compared to previous estimates Huss et al., 2014) , local discrepancies between −75 and 141 m emerge for Griesgletscher, and between −94 and 107 m for Findelengletscher. These large deviations are found for locations far away from measured profiles, which is indicative of the choice of the procedure by which measurements are interpolated to play an important role (see also next section). The magnitude of the deviations also increases with increasing ice thickness.
Accuracy estimates
Accuracy of GPR measurements
Several factors limit the accuracy of GPR measurements, including (1) uncertainties in the exact position of the transmitter and the receiver during the data collection process;
(2) variations in the geometrical setting of the radar antennas when travelling; (3) uncertainties in the assumed wave velocity for converting signal travel time to depth; (4) differences in the wave velocity for firn, snow, and ice; (5) choice of processing steps and parameters during the data post-processing; (6) uncertainties in the interpretation of the post-processed radargrams; and (7) the accuracy with which a detected reflector can be picked manually. Whilst points (1) and (2) are likely to lead to minor deviations in the measurements, factors (3) and (5) (4) was negligible due to the shallow firn layer. The main source of uncertainty was in (6) and (7), which is related to the quality of the radargrams and the often weak signal return.
To quantify the uncertainty introduced by the GPR measurements, the following analysis was performed: a. For each GPR profile collected in 2015, a minimum and a maximum ice thickness was selected. This selection was based on a different interpretation of the GPR return signal, whereby the minimum (maximum) ice thickness was defined from the highest (deepest) possible bedrock conceivable with the data at hand. The uncertainty range results as the difference between these two choices and reflects the uncertainty in the interpretation of the radargrams.
b. For GPR data collected before 2015, the uncertainty was estimated based on the corresponding reports (unpublished and Huss et al., 2014) . In the case of Griesgletscher, radargrams had a high and homogeneous quality, with an estimated uncertainty of the order of ±5 m. For Findelengletscher, the reported quality was lower, and a conservative range of ±15 % was assumed.
In this case, expressing the range as a percentage allowed the fact that deeper profiles had larger uncertainties to be taken into account.
c. The GPR profiles where adjusted by adding or subtracting half of the uncertainty ranges estimated in (a) and (b). This resulted in two different sets of adjusted profiles, which where then used to compute two different bedrock topographies with the same procedure as for the original profiles (cf. Sect. 3.3) . The difference between these bedrock topographies was used as a metric to quantify the uncertainty deriving from the GPR data (Fig. 4a+b ).
Accuracy of the ITEM approach
The uncertainty of the calculated ice thickness distribution is caused not only by the uncertainty of the direct measurements alone but also by the uncertainty introduced by the application of the ITEM approach. To quantify the latter, we performed a resampling experiment in which we randomly omitted a given number of GPR profiles during the calculations. For each of these resampling steps, a glacier-wide bedrock topography was computed, and the omitted profiles were used for cross-validating the results. The procedure was repeated 500 times for randomly selected combinations of GPR profiles. The ensemble of resulting cross-validation points was used to estimate a function relating (i) the local deviation between measured and estimated ice thickness to (ii) the distance of the closest GPR measurement (Fig. 5) . This function was chosen to be linear and was fitted through robust regression of all cross-validation points (blue lines in Fig. 5 ). The function was then used to generate a spatially distributed uncertainty estimate (Fig. 4d, f) . As expected, the www.geogr-helv.net/73/1/2018/ Geogr. Helv., 73, 1-9, 2018 uncertainty in the local ice thickness increased with the distance to the closest GPR point (Fig. 5 ). On average, the uncertainty increased by 4.8 % for every kilometre of distance for both Gries-and Findelengletscher.
To put the uncertainty caused by the ITEM approach into context, we performed a similar resampling experiment for the case in which the available GPR measurements are interpolated directly. For that, the same 500 random profile combinations were used and interpolated by using a minimum-curvature method (Briggs, 1974) . For the interpolation, the information of "zero ice thickness at the glacier margin" was included. The minimum-curvature method was preferred over the sometimes-applied ANUDEM interpolation (Hutchinson, 1989) , as -contrary to ANUDEM -it does not introduce geometrical features that are not present in the original data (Briggs, 1974) . The function relating the deviation between measured and estimated ice thickness to the distance of the closest GPR measurement is again shown in Fig. 5 . The fitted linear function reveals that the uncertainty increased by 8.5 % per kilometre on both glaciers. This is almost twice as much as for the case in which ITEM is applied, and it indicates the added value of using an approach based on glaciological principles. The added value is particularly relevant in cases where only sparse GPR measurement are available, i.e. in cases for which the distance between individual GPR transects is large.
Combined accuracy of the results
The final accuracy estimate for the glacier-wide ice thickness was obtained by combining in quadrature the two distributed accuracy estimates discussed above (accuracy of GPR measurements and accuracy of the ITEM approach). Note that the combination in quadrature requires the assumption of independence between the two uncertainty sources. This seems reasonable since neither is the procedure used within ITEM changing for different numerical values of the GPR measurements, nor are the GPR measurements influenced by the ITEM procedure. The resulting uncertainty for the glacierwide ice thickness is shown in Fig. 4a and b . The mean uncertainty was calculated to be ± 12.7 m for Griesgletscher and ± 19.6 m for Findelengletscher. The combined results show that, in our case, the largest uncertainty is due to the difficulty in interpreting the GPR measurements. Compared to that, the uncertainty introduced through ITEM is minor for the largest part of the glacier.
Discussion and conclusion
On Griesgletscher, an overdeepening is found behind a bedrock riegel in the upper part of the glacier. With glacier retreat, water might be dammed behind this riegel and a lake could be forming. Further, a channel is visible in the bedrock Figure 5 . Relation between local bedrock uncertainty and distance to the closest GPR point (box plots, left ordinate), and number of cross-validation points available for a given distance (grey shading, right ordinate). The fitted linear function was derived by robust regression of all bins that have at least 20 cross-validation points. Box plots and fits are shown for the situation in which the bedrock is derived from ITEM (blue colours) and from direct interpolation of the GPR measurements (red colours). Box plots show the median (horizontal line), the interquartile range (box), and an empirical 95 % confidence interval (whiskers).
on the left-hand side of the glacier tongue. Independent indications for the existence of such a channel were recently obtained from dye-tracing experiments conducted in the frame of a different project (M. Selenius, personal communication, 2017). It seems therefore very likely that most of the glacier runoff occurs through this channel. This may in turn have an impact on the existing artificial lake and the related hydropower station as the channel is indicative for preferential sediment evacuation occurring along this axis. On Findelengletscher, a prominent overdeepening is visible at an elevation of ca. 3200 m a.s.l. (cf. Fig. 3b ). The comparison with previous estimates and the presented uncertainty assessment, however, clearly indicates that significant uncertainty is affecting this area. This is because only few measurements are available in that region. The lack of direct measurements also affects other areas, most notably Adlergletscher and Triftjigletscher. Although the uncertainty is well reflected by the function taking into account the dis-tance to the closest GPR measurement (Fig. 5) , additional GPR measurements would be necessary to improve the results.
The difficulty in correctly interpreting the acquired radargrams is a major source of uncertainty in our analysis. To increase the quality of the radargrams, the orientation of the GPR antennas should be along the glacier flow, instead of across the glacier flow (Langhammer et al., 2017) . Such an orientation, however, was not practicable in the field with the available MALÅ system.
In summary, we provided an updated glacier-wide bedrock topography for Gries-and Findelengletscher further improving the data basis for glaciological and hydrological applications in the region. Our results are based on 24 km of new ground-based GPR measurements, a series of 22 km of already-existing helicopter-and ground-based GPR measurements, and the ITEM approach (Farinotti et al., 2009) . Our accuracy assessment, which combined uncertainties deriving from both GPR measurements and ITEM approach, indicates a mean point-uncertainty of ±12.7 m for Griesgletscher and ±19.6 m for Findelengletscher. The estimated total ice volume is 0.28 ± 0.06 km 3 for Griesgletscher and 1.00 ± 0.34 km 3 for Findelengletscher. Additionally, we showed that using the ITEM approach has a significant advantage as compared to a direct interpolation of the GPR measurements and that the interpretation of the GPR signal can be a major source of uncertainty.
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